Abstract -Being an important contributor to the final energy consumption, historic buildings built before 1945 have high specific heating energy consumption compared to current energy standards and norms. However, they often cannot be insulated from the outside due to their heritage and culture value. Internal insulation is an alternative. However internal insulation faces challenges related to hygrothermal behaviour leading to mold growth, freezing, deterioration and other risks. The goal of this research is to link hygrothermal simulation results with experimental results for internally insulated historic brick masonry to assess correlation between simulated and measured data as well as the most influential parameters. The study is carried out by both a mathematical simulation tool and laboratory tests of historic masonry with internal insulation with four insulation materials (mineral wool, EPS, wood fiber and granulated aerogel) in a cold climate (average 4000 heating degree days). We found disparity between measured and simulated hygrothermal performance of studied constructions due to differences in material parameters and initial conditions of materials. The latter plays a more important role than material parameters. Under a steady state of conditions, the condensate tolerating system varies between 72.7 % and 80.5 % relative humidity, but in condensate limiting systems relative humidity variates between 73.3 % and 82.3 %. The temperature between the masonry wall and all insulation materials has stabilized on average at +10 °C. Mold corresponding to Mold index 3 was discovered on wood fiber mat.
INTRODUCTION
With climate changes broadly witnessed, cannot afford to use more energy than we need. Today 40 % of total energy consumption in the European Union comes from the building sector [1] , [2] . The European Union's research project RIBuild defines historic buildings as buildings built before 1945 and reports that more than 30 % of final energy consumed by the building sector is allocated to historic buildings [3] . For example, in Latvia more than 50 % of the housing stock heated area belongs to multifamily apartment buildings, and out of that about 26 % are built before 1940 [4] . Reduction of energy consumption in existing building stock is one of the European Union's energy and climate policy tools [5] . Retrofit of the existing building stock gives significant contribution in reduction of greenhouse gas emissions and overall sustainability of the building stock [6] .
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A limited number of papers are available on heat transfer and moisture transport in-situ measurements in historic buildings which have internal wall insulation. In Latvia Biseniece et al., tested two types of insulation materials: aerogel and vacuum insulation panel. Test results showed that the temperature between the wall and internal insulation drop to -9.32 °C in case of vacuum panel and -7.08 °C in case of aerogel. They also concluded that energy savings cannot be reached if special attention is not paid to energy management issues, and that calcium silicate masonry faces the freeze-thaw risk if the capillary saturation reaches into the brick during the below zero outdoor conditions [19] . In Estonia Kloseiko et al., monitored a double leaf rubble exterior wall of a museum building with internal insulation. Insulation was installed during the autumn-winter period and consisted of an air cavity, mineral wool and a newly built inner leaf. During the period of monitoring, very high relative humidity was observed. The research led to the conclusion that drying of the masonry wall before insulation should be taken into account and neglect to do so will cause overall high relative humidity levels throughout the structure and potential risk of mold growth [20] . In another research carried out in Estonia by Kloseiko et al., four different insulation materials (polyurethane, polisocyanurate, aerated concrete and calcium silicate) were tested. Test results showed that calcium silicate and aerated concrete dried out faster than the other two materials, but they also showed rapid increase of moisture, when the humidity of the internal climate was increased. The main conclusion was that built in moisture of the wall during the application of the insulation is responsible for high humidity levels and can cause interstitial condensation [21] . Similar research was carried out by Pavia where seven types of insulation materials were tested on the wall of historic brick. Those materials where compared to the lime plaster finish. It was found out that by an average of 13 % to 25 % the performance of the insulation materials is overestimated by producers [22] . Bianco et al. have carried out the investigation on new thermal insulating plaster and studied this material on a historic building in Turin, Italy. The preliminary results show that thermal conductivity of proposed new plaster is 2.5 to 3 times lower than conventional plaster, but more research is needed on the long-term performance of this material [23] . Galliano et al. have carried out simulations and measurements of two new internal insulation materials [24] .
Literature review on internal insulation of historic masonry walls revealed that studies are scattered and no common solution for all the different cases exists. Each of the studies have different goals mainly focusing on thermal behaviour of the wall and much less on the moisture transport. Selection of the right insulation system or material for the specific case is crucial and sometimes in order to avoid moisture problems it is better to sacrifice a bit of energy efficiency. A better understanding of the hygrothermal behaviour of internally insulated walls needs to be obtained.
The goal of this research is to link hygrothermal simulation results with experimental results for internally insulated historic brick masonry to assess correlation between simulated and measured data as well as the most influential parameters. The study is carried out through the application of both a mathematical simulation tool and laboratory tests of historic masonry built from bricks produced around 1900 with internal insulation with four insulation materials in cold climates (average outdoor temperature in heating season 0 °C and 200 heating days annually). The paper starts with an introduction, is followed by description of materials, applied methodology, analysis of results and finally, discussions and conclusions.
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BASE WALL AND INTERNAL INSULATION MATERIALS
The experimental set-up was built in the laboratory. Four types of insulation materials, two types of vapour barriers, gypsum board and historic bricks were used in this study.
The base wall was built from historic bricks collected from the demolition site of a historic building built around 1900 at O. Vācieša iela 6, Riga, Latvia. Lime-cement mortar was used. The base wall samples were built as double leaf masonry with the size of 25 cm × 28 cm and the depth of 51 cm each.
Expanded polystyrene board, wood fiber board, mineral (rock) wool and granulated aerogel LA1000 were used for internal insulation. Expanded polystyrene board and mineral wool are widely used and common insulation materials. Nowadays natural materials such as wood fiber board and innovative materials, e.g. granulated aerogel are becoming more popular. Vapour barriers with different equivalent air layer thicknesses (sd values) were used. All materials and their technical parameters are listed in Table 1 . Although many insulation materials are available on the market, it is still not clear which of them can be applied safely internally. Insulation materials can be distinguished by different parameters. In the scope of this study materials are grouped by parameters attributed to interstitial condensate. In accordance to the basic properties and following WTA 6-4 [25] and DIN 4108-3 [26] , insulation materials can be divided into three groups:
 Condensate-preventing insulation systems disable vapour transfer from the room side into the construction by a vapour barrier. Vapour barriers are sealing layers with a vapour diffusion equivalent air layer thickness sd of minimum 1500 m;  Condensate-limiting insulation systems include a vapour brake with an sd value of minimum 0.5 m and maximum 1500 m. Vapour control layer should reduce the vapour input from the room side into the construction and has to be combined with a sufficient wind-driven rain protection;  Condensate-tolerating insulation systems consist of capillary active insulation material and glue mortar. The only vapour resistance in these insulation systems is given by the material itself, therefore they show very small vapour transfer resistances (sd value < 0.5 m). Types of insulation systems used in the tests are presented in Table 2 . 
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METHODOLOGY
The study was carried out by two methods: simulation of hygrothermal behaviour with heat and transfer simulation tool Delphin 5.9.3. [11] , and measurement of hygrothermal parameters of internally insulated masonry wall in the laboratory. The simulation was performed before and after laboratory tests to assess correlation between measured and simulated data, and perform analysis of parameters that affect the fit between the simulation results and measured results.
Tests of Bricks
Ten randomly selected bricks were tested to assess density and open porosity. Open porosity was determined based on standard EN 772-3:1998 [27] . Dry density of bricks was measured based on standard EN 772-13:2000 [28] .
Heat and Moisture Transfer Model
The 2-dimensional hygrothermal behaviour in transient conditions of the base wall and three different insulation materials (granulated aerogel was not simulated as it is not available in the material database) was analyzed. The wall is composed of 2-dimensional layers (see Fig. 1 ). 
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Only density and open porosity of bricks were derived from the material tests in the laboratory prior to the experiment (see Chapter 3.1). These two parameters were used as decisive values to select brick from the Delphin database. Lime-cement mortar, mineral wool, wood fiber and EPS were selected from the Delphin database. Before the laboratory experiment the simulation was performed for insulated masonry with data from the Delphin database (see Table 3 ). Boundary conditions used for simulation before the laboratory experiments: indoor temperature +20 °C and relative humidity 55 %, and outdoor temperature +3 °C and 85 % relative humidity. For the simulation after experiment, boundary conditions were used as in experimental test rounds.
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Hygrothermal Behaviour Tests of the Test Wall
In the Baltic Sea region the common historic building consists of three to seven stories and has 45-90 cm thick brick wall [7] . For the hygrothermal behaviour tests of the test wall a double climatic chamber in laboratory was used. A test wall with four double leaf masonry patterns (25 cm × 28 cm × 51 cm) was built and inserted inside this chamber (see Fig. 2 ). Relative humidity and temperature were measured between insulation and masonry (on the middle of the brick), and in both chambers with 8 temperature sensors and 5 relative humidity sensors. Time step of both measurements is 1 minute.
Two test rounds were carried out (see Table 4 ). During the first test series the data monitoring equipment failed on the first day of the test run and data were collected from the second day of testing. The first test round was carried out for 22 days. The second round was carried out after drying the test wall in room condition for 8 days. The second test round took 23 days. Outdoor chamber conditions were changed for the second test round because humidifier was freezing in the first test round. Table 2 ). The thickness of insulation materials was selected based on the average U-value of 0.35 W/(m 2 K) for all four patterns. All patterns were covered with gypsum board from the indoor side. 
RESULTS
Tests of Bricks
Hygrothermal Simulation before Laboratory Experiment
The relative humidity and temperature between masonry and insulation material in three simulated wall constructions are presented in Fig. 4 . Both relative humidity and temperature changes at slow rate asymptotically approaching equilibrium conditions only on 14th day for mineral wool, 17th day for EPS and 21st day for wood fiber. All three samples stabilize at different temperatures: 11.55 °C for wood fiber, 10.44 °C for EPS and 10.37 °C for mineral wool. The equilibrium relative humidity also differs and is 39.1 % for mineral wool, 43.9 % for EPS and 71.4 % for wood fiber. 
Hygrothermal Behaviour of the Test Wall
The relative humidity and temperature between masonry and insulation material in four tested wall patterns measured in both test rounds is shown in Fig. 5 . Relative humidity growth rate is high during first five test days for all materials and is slowing down when approaching equilibrium conditions. Temperature for all samples is reaching equilibrium in the first 5 days.
Relative humidity between masonry and the wood fiber (see Fig. 5(a) ) is higher when the vapour barrier is not applied and reaches 80 % while if the vapour barrier is installed relative humidity increases up to 74 %. The growth rate of relative humidity is also higher without the vapour barrier. The initial temperatures are different for both tests but they stabilize after five days at +11.3 C for the sample with vapour barrier and at +9.45 C without vapour barrier.
Mineral wool with two different vapour barrier types (see Fig. 5(b) ) show the same trend of behaviour of relative humidity and they both reach 83.5 % at the end of the test. The growth rate of relative humidity is very high during first two days and stabilizes thereafter. The initial temperatures are different for both tests but they stabilize after five days at +9.7 C for the first test and at +10.8 C for the second test.
EPS (see Fig. 5(c) ) shows the same trend of behaviour of relative humidity for both tests reaching 80 % at the end of the test. The growth rate of relative humidity is very high during first two days and stabilizes after that. The initial temperatures are different for both tests but they stabilize after five days at +9 C for the first test and at +10.7 C for the second test.
When the vapour barrier is applied to granulated aerogel (see Fig. 5(d) ) the relative humidity increases very quickly during the first two days and increases up to 79 % during the next 20 
Mold Growth
Mold growth is one the major risks associated with internal insulation as the hygrothermal conditions are favourable for spore germination and further mycelium growth. If there are enough nutrients and time for germination, a high risk of mold growth exists. Fig. 6 illustrates development of the Lowest Isopleth for Mold from Isopleth of different species for both spore germination and mycelium growth. [29] .
If the temperature is +10 C and there are enough nutrients and time, spore germination and mycelium growth starts at 76 % relative humidity (see Fig. 6 ). In both test rounds temperature stabilized around +10 C and relative humidity was above 76 % for all insulation materials. When the test wall was opened on the 22nd day after the beginning of the test, mold was discovered on one of the corners of the wood fiber mat. According to [5] wood fiber is substrate class I (biodegradable materials) with higher fungal growth rate and it 22 days was enough to [30] . Fig. 7 illustrates wood fiber affected by mold and magnified material with and without mold on it. After the second test round mold was discovered in the middle of the insulation material. 
Comparison of Experimental and Hygrothermal Simulation Results
Correlation analysis presented in Fig. 8 shows that satisfactory results are reached for temperature as correlation coefficient R 2 is in the range of 0.81 to 0.86. Correlation is good for simulated and measured results for relative humidity of wood fiber (R 2 = 0.84), but good correlation is not reached for relative humidity for EPS (R 2 = 0.59) and mineral wool (R 2 = 0.54). 
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Model fitting to measured data was improved by applying the parametric analysis. It was carried out by modifying parameters of masonry, mortar and insulation materials. Thermal conductivity, density of dry material, and water vapour diffusion resistance factor for insulation materials were changed to values supplied by material producers (see Table 1 ). For bricks and mortar thermal conductivity, specific heat capacity, liquid water conductivity at effective saturation, water uptake coefficient and initial relative humidity were adjusted. Adjusted values are presented in Table 5 . Fig . 9 illustrates the changes of temperature and relative humidity during simulation before and after the experiment, and measured results in masonry with wood fiber without vapour barrier. The main gap between measured and pre-test simulation temperatures is observed during the first 10 days when the pre-test simulation temperature is decreasing at a slower rate than measured temperature. The post-test simulation results fit well with measured temperatures. The temperature at the equilibrium differs only 0.6 °C. To reach acceptable results for post-test simulation fit, the values of the thermal conductivity, density of dry material, and the specific heat capacity have been changed (see Table 5 ).
The same tendency is observed for the relative humidity: the pre-test simulation has a much lower increase rate at the beginning hence it has not reached equilibrium during the simulation period. The post-test simulation and measured relative humidity fit well and both are stabilizing at around 80 %. To reach acceptable results for the post-test simulation, the water vapour diffusion resistance factor, the liquid water conductivity at effective saturation, water uptake coefficient and initial relative humidity of the brick and mortar have been changed (see Table 5 ). Fig. 9 . Behaviour of temperature and relative humidity between masonry and wood fiber without vapour barrier insulation layer: simulation before and after experiment, and measured results. Fig. 10 shows the changes of temperature and relative humidity during simulation before and after the experiment, and measured results between masonry and EPS insulation layer. The main gap between measured and pre-test simulation temperatures is observed during the first 10 days when the pre-test simulation temperature is decreasing at a slower rate than the measured temperature. The post-test simulation results fit well with measured temperatures. The temperature at the equilibrium fits well for all three graphs. To reach acceptable results for posttest simulation the values of the thermal conductivity, density of dry material, and the specific heat capacity have been changed (see Table 5 ).
The gap between measured and pre-test simulation results of relative humidity is significant. The relative humidity cannot gain the speed to increase the rate of change neither at the beginning nor during the rest of the pre-test simulation. The post-test simulation and measured relative humidity fit well and both are stabilizing around 81.5 % for measurements and 83 % for post-test simulation. To reach acceptable results for post-test simulation, the water vapour diffusion resistance factor, the liquid water conductivity at effective saturation, water uptake coefficient and initial relative humidity of the brick and mortar have been changed (see Table 4 ). Fig . 11 shows the changes of temperature and relative humidity during simulation before and after the experiment, and measured results between masonry and mineral wool with vapour barrier (sd = 12 m) insulation layer. The main gap between measured and pre-test simulation temperatures is observed during the first 10 days when the pre-test simulation temperature is decreasing at a slower rate than the measured temperature. The post-test simulation results fit well with measured temperatures. The temperature at the equilibrium fits well for all three graphs. To reach acceptable results for post-test simulation, the values of the thermal conductivity, density of dry material, and the specific heat capacity have been changed (see Table 5 ).
The gap between measured and pre-test simulation results of relative humidity is large. The relative humidity cannot gain the speed to increase the rate of change neither at the beginning nor during the rest of the pre-test simulation. The post-test simulation and measured relative humidity fit well and both are stabilizing around 83 % and 80.7 %. To reach acceptable results for post-test simulations, the water vapour diffusion resistance factor, the liquid water conductivity at effective saturation, water uptake coefficient and initial relative humidity of the brick and mortar have been changed (see Table 5 ). 
DISCUSSION AND CONCLUSIONS
The goal of this research is to link hygrothermal simulation results with experimental results for internally insulated historic brick masonry to assess correlation between simulated and measured data as well as the most influential parameters.
We found the disagreement between measured and simulated hygrothermal performance of studied constructions. Test results showed that the relative humidity growth rate is high during the first test days for all materials and is slowing down when approaching equilibrium conditions. The temperature is decreasing at a slightly lower rate than relative humidity and is reaching equilibrium in about 5 days. The pre-test simulation showed a much lower growth rate of relative humidity and decrease rate for temperature compared to measured behaviour.
The parametric analysis that was carried out showed the most influential parameters on the hygrothermal behaviour of the whole construction. Parameters of all three insulation materials were adjusted to values supplied by material producers: thermal conductivity was increased by 8 % for EPS and reduced for mineral wool by 10 % and wood fiber by 10 %. Density was reduced for all three insulation materials to: mineral wool 24 %, wood fiber 67 % and EPS 41 %, and water vapour diffusion resistance factor which was reduced for wood fiber by 30 % and EPS by 69 %.
To reach acceptable results, thermal behaviour was changed by increasing thermal conductivity of bricks by 20 % while reducing for mortar by 38 %. Specific heat capacity was reduced significantly for both bricks (55 %) and mortar (38 %).
The highest influence on moisture transport growth rate has initial relative humidity of materials: it was increased by 62 % for bricks and 112 % for mortar compared to pre-test simulation values. Masonry was dried out for 10 days prior to tests and it was too short a period of time to dry it out, so the moisture level was still higher at the beginning of tests than predicted during pre-test simulation. Other parameters that have impact on the moisture transport are liquid water conductivity at effective saturation and it was increased by 24 % for bricks and mortar, and consequently water uptake coefficient has increased for bricks by 11 % and 486 % for mortar. Effective saturation was increased for about 111 % for bricks and reduced 55 % for mortar.
Material parameters as well as initial conditions of materials play an important role in the simulation but the latter is more influential in respect to material parameters.
Test results showed that under steady state conditions of an average outdoor climate of cold climate the highest relative humidity is reached by mineral wool (82.9 %), followed by wood fiber without vapour barrier (80.5 %), EPS (79 %), aerogel with vapour barrier (78.2 %), aerogel without vapour barrier (73.3 %) and wood fiber with vapour barrier (72.7 %). The temperature between the masonry wall and all insulation materials has stabilized on average at +10 °C.
Condensate tolerating wood fiber with vapour barrier reached 72.7 % relative humidity and 80.5 % in wood fiber without vapour barrier. Condensate limiting systems: EPS reached 79 % and mineral wool with vapour barrier reached 82.9 % relative humidity. In other insulation systems relative humidity has gone up to 73.3 % (aerogel without vapour barrier) and 78.2 % in aerogel with a vapour barrier.
There is no frost risk as relative humidity has not increased over 95 % which is the state when capillary saturation starts. This might change if outdoor boundary conditions are changed, e.g. wind driven rain and solar radiation is applied on the surface. However, there is a risk of mold growth for insulation materials with biological origin such as wood fiber as it was detected during tests.
Considering all issues, our findings demonstrate that when internal insulation is applied to historic masonry in a cold climate, careful assessment of hygrothermal behaviour of combined historic masonry and insulation material wall construction has to be carried out. It is possible that simulation results will not conform precisely to actual measured data due to influence of values of initial moisture content of the wall as well as parameter value.
Future studies should include cyclic changes in boundary conditions, use of historic bricks and mortar with different properties.
